The superconducting nanowire single-photon detector (SNSPD) is a leading technology for quantum information science applications using photons, and they are finding increasing uses in photon-starved classical imaging applications. Critical detector characteristics, such as timing resolution (jitter), reset time and maximum count rate, are heavily influenced by the read-out electronics that sense and amplify the photon detection signal. We describe a read-out circuit for SNSPDs using commercial offthe-shelf amplifiers operating at cryogenic temperatures. Our design demonstrates a 35 ps timing resolution and a maximum count rate of over 2 × 10 7 counts per second while maintaining < 3 mW power consumption per channel, making it suitable for a multichannel read-out.
I. INTRODUCTION
Superconducting nanowire single-photon detectors (SNSPD) are one of the leading solutions for high performance photon detection in quantum information and communication applications. SNSPDs played a crucial role in the recent loophole-free Bell inequality measurements 1 and the Lunar Laser Communication Demonstration. 2 These detectors feature high detection efficiency, 3 low dark count rates, good timing resolution and short reset times, and enhance the performance of quantum communication protocols such as quantum key distribution (QKD) and superdense quantum teleportation.
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A superconducting nanowire photon detector was first realized in 2001 by Gol'tsman and colleagues at the University of Moscow. 5 They were able to detect optical photons with a 225-nm-wide, 1-µm-long niobium nitride (NbN) wire cooled to 4.2 K. Since the initial demonstration of an SNSPD, several groups have advanced this technology to improve optical coupling, 6 increase detection efficiency, 7, 8 investigate alternate superconducting materials, [9] [10] [11] and develop complex detector structures including pixel arrays [12] [13] [14] and parallel elements. 15, 16 These advancements and recent demonstrations of high detection efficiency, 17 high maximum count rate 18 and good timing resolution, 19 have enabled SNSPDs to be a leading commercial technology 20 for quantum optics experiments.
Critical detector characteristics, such as timing jitter, reset times and maximum count rates, 21 are often dictated by the read-out electronics that sense and amplify the electrical signal generated in response to a photon detection event. In this paper, we describe the design and performance of cryogenic amplifiers that provide two critical advantages for SNSPD read-out: (1) the intrinsic amplifier noise can be reduced dramatically, improving the signal-to-noise ratio (SNR) and hence the timing jitter; 22 and (2) placing the first-stage preamplifier closer to the device provides flexibility to design the effective load impedance of the amplifier with minimal signal loss between the detector and the preamplifier. There have been recent demonstrations of low-noise, low-power cryogenic amplifiers built from custommade components 23, 24 and commercially available transistors. 25 The main goal of our effort is to identify a commercial monolithic amplifier read-out circuit that minimizes timing jitter while maintaining high count rate capabilities, and scalability in terms of cost and power consumption. These characteristics have a significant impact on the speed and fidelity of quantum communication protocols such as time-bin encoded QKD. 26 Recently, we used our amplifier read-out scheme in a high-rate QKD demonstration.
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II. LOW TEMPERATURE READ-OUT SCHEME
We explore a range of read-out-circuit strategies using commercial gallium arsenide (GaAs) monolithic microwave integrated circuits (MMIC). Unlike conventional silicon devices, GaAs chips do not suffer from carrier freeze-out at cryogenic temperatures, and provide a viable solution for the SNSPD read-out circuit. We compare our read-out circuit to the high-performance cryogenic amplifier CITLF 3 built by Cosmic Microwave Technology, formerly part of the Microwave Research Group at California Institute of Technology.
The CITLF 3 features 30 dB gain over a bandwidth of 2.5 GHz, a noise temperature of 4 K, dissipates 24 mW of power, and carries a high cost. We also compare our results to the performance of commercial low-noise room-temperature amplifiers (Miteq AU1310).
Our most successful circuit uses a GaAs MMIC amplifier chip from Broadcom Limited, formerly Avago Tech. (MGA-68563). Amplifier prototypes are assembled on patterned Rogers 4003C high frequency printed circuit board (PCB) with passive components selected for cryogenic compatibility, such as thin film resistors 29 and ceramic capacitors using C0G/NP0 dielectric. 30 The amplifier consists of bias circuitry for powering the amplifier as well as a custom bias network used to split the DC current bias to the detector and the high-frequency detection signal at the amplifier input. A schematic of the detector and read-out circuit are shown in Fig. 1 .
We test our read-out circuit on single pixel SNSPDs made of a proprietary amorphous superconducting material from Quantum Opus. Our cryostat system consists of a Gifford- To understand our design choices for the read-out circuit, we briefly highlight the characteristics of the SNSPD used in our study. A photon absorbed in a superconducting nanowire biased with a DC current deposits enough energy in the wire to heat it locally above the superconducting critical temperature and hence to the normal, resistive state. The tem- These components are internal to the amplifier, and the values depend strongly on the operating temperature.
perature of the hot-spot region grows due to Joule heating and the resistive section quickly spreads due to diffusion of non-equilibrium quasi-particles 5,31 until a section of the wire is resistive. The hot-spot resistance depends on the material parameters as well as the electrical readout circuit 32 and it typically is in the range of 1-10 kΩ.
The SNSPD is modeled as an inductor L det in series with a resistor R det to ground, as shown in Fig. 1 . In the detector quiescent state, the nanowire is superconducting and the 4 switch in parallel with the resistor is closed. A photon detection event corresponds to the switch opening, leading to the detector resistance R det , where R det ≃ 2 kΩ in our device and our read-out circuit. As the detector cools down and the nanowire returns to the superconducting state, the switch closes. The inductance arises from the kinetic inductance of the superconducting nanowire, typically in the range of ∼ 1 µH for the devices we tested.
When a photon detection event drives the detector to a normal state, the bias current through the detector is diverted to the amplifier's input with a load resistance of R l provided by the input impedance of the amplifier, and this current is detected as an output pulse.
The rise time of the detected pulse is determined by τ R ≈ L det /R det , and the recovery time for the pulse to fully decay and the detector to reset is determined by
The values for L det and R det are estimated using each of these time-constants of the detection waveform. The value for L det is estimated by fitting an exponential function to the recovery of the waveform back to zero using the value for the read-out circuit load resistance, such as a 50 Ω room temperature amplifier. Once L det is known, the value for R det is estimated by measuring the rise-time of a detection waveform. A high bandwidth read-out must be used in order to limit the effects that a bandwidth-limited read-out circuit has on the fast rising edge of the waveform.
A read-out circuit optimized for low timing jitter and maximum achievable count rate is low noise, has a large bandwidth, and is DC coupled at the amplifier input. Electrical readout noise is the dominant contribution to the measured timing jitter and is approximately quantified by the rise time of the photon detection waveform divided by the SNR. 17 Timing performance is improved by a reduction in the amplifier noise and securing a large bandwidth to improve the rise time of the photon detection waveform. The relaxation time of a photon hot-spot is on the order of ∼ 500 ps 33 and so a bandwidth of a few GHz is desired.
Our amplifier has a 1.5 GHz bandwidth, gain of 15 dB at room temperature, and a 65 K noise temperature measured at 4 K. The noise temperature is measured at a frequency of 100 MHz (well within the high-pass band of the L-R filter, explained later in this section) using the Y-Factor Method. 34 The gain spectra of the GaAs MMIC circuit and the CITLF 3 amplifier, both measured at 300 K, are shown in Fig. 2 . One distinct advantage of our circuit is the low power dissipation compared to commercial cryogenic amplifiers. We measure power 50 Ω when it is cooled. To confirm this behavior, we fit the data shown in Fig. 4 to the predictions of a PSpice model where we adjust the value of R l and C hp to match the data.
Our model reveals an under-damped LRC resonator, formed by the kinetic inductance of the detector L det , the input capacitance of the amplifier C hp , and load resistance of the amplifier achievable count rate, and therefore a slow decay is unwanted. In order to mitigate this effect and maintain high SNR and maximum bandwidth, we add a L-R high-pass filter to the read-out circuit that performs multiple functions. First, it creates a path to ground for all frequencies between DC and its 3-dB cut-off frequency given by R/2πL. Here, this cut-off frequency is chosen so that the oscillations observed in Fig. 4 are coupled to ground and hence not to the amplifier. An L-R filter with the values L = 220 nH and R = 100 Ω is used in the measurements discussed in the following section. Second, it provides a DC path to ground to prevent reverse biasing of the detector at high photon detection rates, as discussed below. Figure 5 shows the photon-detection-event waveform with the filter, where it is seen that the damping time is so short that only a single oscillation cycle is observed. In the context of a quantum communications system with a time-bin encoding 28 the waveform with the filter in place is acceptable for reliably resolving photon detections at a rate of ∼ 25 × 10 6 counts per second.
III. MAXIMUM COUNT RATE
The maximum achievable count rate (measured in million counts per second, or Mcps)
is a performance metric that is heavily influenced by the read-out circuit. The largest contributing factor to the maximum count rate is the input coupling of the first amplifier. As described in Ref. 21 , AC-coupled read-out schemes lead to detector saturation at low detection rates due to self reverse biasing of the detector. This effect, due to charge build-up on the input capacitor in the AC-coupled scheme, is present when the detection rate approaches even a small fraction of the detector recovery time. The high-pass filter employed in our setup (Fig. 5) provides a DC path to ground, avoiding this problem. The room temperature amplifier and CITLF 3 are AC-coupled, and hence are expected to have degraded saturation characteristics.
We measure the observed count rate as a function of the input optical power with the setup shown in Fig. 6a . Saturation results in a slower-than-linear count rate as a function of the input power because photons arrive at the detector during the deadtime of the detector.
As discussed previously, the deadtime of the detector is determined by τ Decay = L det /R l .
The dependence of τ Decay on the load resistor implies that the read-out circuit will effect the maximum count rate of the detector. The interaction of the detector recovery and the external circuit is discussed in Refs. 21, 32, and 35. We measure the maximum count rate on a single-pixel, amorphous SNSPD with continuous-wave laser light at 1550 nm (Wavelength Reference, Clarity-NLL-1550-HP) and a time-tagger (Agilent, Acqiris U1051A). Input flux to the SNSPD is inferred from the measured power reference and a careful calibration of the attenuation in the path to the detector. Our results are shown in Fig. 6b -c.
In our GaAs MMIC read-out scheme, the detector operates at a constant bias current of 12 µA and the measured counts increase linearly at low input flux until saturation effects become appreciable at the input photon rate of 2 Mcps. The line continues to track smoothly and reaches a maximum measured count rate of 20 Mcps. This is the point where our timetagger began dropping significant counts.
The room temperature amplifier scheme closely follows that observed with the GaAs MMIC circuit until a measured count rate of ∼ 10 Mcps. To obtain these results with the room temperature amplifier, we had to adjust the detector bias above an input flux of 1 Mcps to compensate for the current back-action and prevent the detector from latching.
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The measured counts decrease rapidly at a measured count rate of ∼ 10 Mcps due to a reduction in the detector bias current to a level such that the efficiency of the detector is decreased substantially.
The detector saturation characteristics using the CITLF 3 read-out circuit is measured with and without a 3 dB electrical attenuator at the amplifier input. Without the attenuator, the AC-coupled input to the amplifier causes the detector to latch at a much lower bias current. This latching behavior is worse than that observed with the room temperature amplifier. We believe that the difference between the latching behavior of these two AC-coupled schemes is due to the proximity of the amplifier input to the detector, or to differences in the input circuit between the two amplifiers. Due to the lack of a DC path to ground, the detector bias current had to be adjusted to compensate for latching at each data point. The reduction in bias current is the cause for the poor efficiency. A 3 dB attenuator installed between the detector and the amplifier provides a DC path-to-ground. In this case, we measure the detector saturation characteristics with a constant detector bias current of 12 µA. As shown in Fig. 6 , the 3-dB attenuator substantially improves the counting capabilities of this read-out scheme. The reduction in measured counts when compared to GaAs MMIC and room temperature amplifiers is hypothesized to be the result of a difference in the resistance to ground between our L-R filter on our GaAs MMIC circuit and that of the attenuator with the CITLF 3.
There are other possible front-end circuits that can be placed in front of the CITLF 3 amplifier to improve its saturation characteristics. For example, a custom L-R filter inserted between the amplifier and detector should improve the count rate capabilities of the CITLF 3 read-out scheme while providing a DC path-to-ground and avoiding signal attenuation as with the 3 dB attenuator used here. We believe the count rate performance of the CITLF 3 amplifier with an L-R filter could potentially closely follow the saturation characteristics observed for the GaAs MMIC circuit.
IV. TIMING PERFORMANCE
The maximum rate of communication, especially in time-bin encoded protocols, is affected by the timing resolution of the detection system. We measure the timing resolution of our detector-readout circuit combination using a mode-locked pulsed laser source that emits a 11 The delay due to optical and electrical path length differences is adjusted so that the singlephoton event comes after the reference event. We then record a time-of-arrival histogram,
where the full-width at half-maximum (FWHM) of a Gaussian fit to the distribution characterizes the timing jitter of the detection system. The timing performance of the GaAs MMIC scheme is compared to both the CITLF 3 amplifier and low-noise commercial room temperature amplifier. The results of our measurements are shown in Fig. 7b -c.
Low-noise room temperature amplifiers are the standard read-out scheme for SNSPDs and the timing performance of this scheme is a comparison benchmark for the other readout schemes. The best timing jitter for room temperature amplifiers is 50 ps at a detector bias current of 13.1 µA. The CITLF 3 achieves the lowest timing jitter at each detector bias current and reaches a minimum value of 33.5 ps at a detector bias current of 10.4 µA. A higher bias current was not accessible due to the detector latching. Adding the attenuator before the CITLF 3 enables a higher achievable count rate but it also degrades the photon detection signal and negatively influences the timing jitter. The addition of an L-R filter between the CITLF 3 and the detector in place of the 3 dB attenuator would provide a DC path-to-ground without degrading the detection signal. We believe the detection jitter of the CITLF 3 read-out scheme with an L-R filter would be better than with the 3 dB attenuator and should closely follow the measurement without the attenuator. The timing performance of the GaAs MMIC read-out circuit very closely follows the performance of the CITLF 3 amplifier with the attenuator on the input, and has a minimum timing jitter of 35.4 ps at a bias current of 13.1 µA.
V. CONCLUSION
We present a low-cost read-out solution for an SNSPD system that is constructed using commercial GaAs MMIC amplifiers. Our results are highlighted by low noise and high SNR, allowing for high timing resolution while enabling high count rate capabilities. We demonstrate a timing jitter performance as low as 35 ps in an amorphous SNSPD, which is (c) Time-of-arrival histogram taken using our GaAs MMIC read-out scheme at a bias current of 13.1 µA. A Gaussian fit to the distribution is shown in the red line.
a substantial improvement over room temperature amplifiers and comparable to the performance of leading commercial cryogenic amplifiers. Count rates over 20 Mcps are observed with our circuit when using a filter before the amplifier that provides a DC path to ground.
Our circuit has nearly a factor of 10 less power consumption compared to leading commercial options, which allows a scalable multi-channel read-out scheme to be realized.
